† Background PCNA ( proliferating cell nuclear antigen) has been found in the nuclei of yeast, plant and animal cells that undergo cell division, suggesting a function in cell cycle regulation and/or DNA replication. It subsequently became clear that PCNA also played a role in other processes involving the cell genome. † Scope This review discusses eukaryotic PCNA, with an emphasis on plant PCNA, in terms of the protein structure and its biochemical properties as well as gene structure, organization, expression and function. PCNA exerts a tripartite function by operating as (1) a sliding clamp during DNA synthesis, (2) a polymerase switch factor and (3) a recruitment factor. Most of its functions are mediated by its interactions with various proteins involved in DNA synthesis, repair and recombination as well as in regulation of the cell cycle and chromatid cohesion. Moreover, post-translational modifications of PCNA play a key role in regulation of its functions. Finally, a phylogenetic comparison of PCNA genes suggests that the multi-functionality observed in most species is a product of evolution. † Conclusions Most plant PCNAs exhibit features similar to those found for PCNAs of other eukaryotes. Similarities include: (1) a trimeric ring structure of the PCNA sliding clamp, (2) the involvement of PCNA in DNA replication and repair, (3) the ability to stimulate the activity of DNA polymerase d and (4) the ability to interact with p21, a regulator of the cell cycle. However, many plant genomes seem to contain the second, probably functional, copy of the PCNA gene, in contrast to PCNA pseudogenes that are found in mammalian genomes.
INTRODUCTION
Proliferating cell nuclear antigen (PCNA) is an evolutionarily well-conserved protein found in all eukaryotic species as well as in Archaea. PCNA was first shown to act as a processivity factor of DNA polymerase d, which is required for DNA synthesis during replication (Tan et al., 1986; Bravo et al., 1987; Prelich et al., 1987) . However, besides DNA replication, PCNA functions are associated with other vital cellular processes such as chromatin remodelling, DNA repair, sister-chromatid cohesion and cell cycle control (Maga and Hubscher, 2003) . The complexity of PCNA functions are reflected by the history of its discovery and subsequent investigation. This protein was identified over 30 years ago as an antigen for an autoimmune disease in the serum of patients with systemic lupus erythematosus (Miyachi et al., 1978) . Two years later, another group found a 36-kDa protein that was differentially expressed during the cell cycle (Bravo and Celis, 1980) and named it 'cyclin' (Bravo et al., 1982) . Later, it was shown that expression levels of PCNA are associated with proliferation or neoplastic transformation (Bravo et al., 1982; Celis et al., 1984) . Further experiments revealed that PCNA and 'cyclin' were the same protein (Mathews et al., 1984) .
Genes encoding PCNA and/or its products have been identified in a wide variety of diverse organisms such as animals, yeast and higher plants, the plants investigated including Arabidopsis, bean (Strzalka and Ziemienowicz, 2007; Strzalka et al., 2010) , carrot (Hata et al., 1992) , maize (Lopez et al., 1995 (Lopez et al., , 1997 , pea (Shimizu and Mori, 1998a) , periwinkle (Kodama et al., 1991) , rape (Markley et al., 1993) , rice (Suzuka et al., 1989) , soybean (Daidoji et al., 1992) and tobacco . Analysis of all known PCNAs suggests that this protein is conserved in sequence, structure and function. Yeast and Drosophila PCNAs were able to substitute for mammalian PCNA in a DNA replication assay (Bauer and Burgers, 1988; Ng et al., 1990) , plant PCNAs stimulated the activity of human DNA polymerase d (Matsumoto et al., 1994a; Strzalka et al., 2010) and mammalian PCNA stimulated the activity and processivity of two d-like polymerases isolated from wheat embryos (Laquel et al., 1993 ). An additional important finding that highlighted the conservation of PCNA described the ability of purified pea, bean and Arabidopsis PCNA to interact and form a stable complex with human p21/WAF1 (Ball and Lane, 1996; Strzalka et al., 2009 Strzalka et al., , 2010 , a p53-dependent protein involved in cell cycle regulation and stress response. Finally, the human anti-PCNA auto-antibody reacts not only with the nuclei of proliferating cells of all experimental animals examined so far (Celis et al., 1987) but also with the nuclei of plant cells (Daidoji et al., 1992) . Although a number of reviews on PCNA have appeared in recent years (e.g. Naryzhny, 2008; Stoimenov and Helleday, 2009 ), all of them aim to describe the properties of yeast and/or animal PCNAs. This review will highlight most aspects of the structure and function of plant PCNA against the background of knowledge on yeast/ animal PCNAs.
PCNA STRUCTURE
Despite the continuous evolution of genetic material initiating from the origin of life on Earth, a protein encoded by the proliferating cell nuclear antigen gene (PCNA) has retained its characteristic structure and function over millions of years among all analysed eukaryotes and Archaea. PCNA belongs to the DNA sliding clamp family, which also includes the Escherichia coli DNA polymerase ( pol) III b subunit and the T4 phage, gene45 protein. The name 'sliding clamp family' was proposed based on the observation that a DNA pol III b subunit loaded on circular DNA was stably bound to the nucleic acid, while cleavage of the DNA molecule led to its efficient dissociation. This observation suggested a closed ring structure of the DNA pol III b subunit that possessed the ability to slide along a DNA molecule (Stukenberg et al., 1991) . Electron microscopy studies proposed a similar model for the gp45 protein of a T4 bacteriophage (Gogol et al., 1992) . These previously proposed ring structure models were ultimately confirmed by X-ray diffraction of the first crystallized protein homologue of PCNA, namely the bacterial DNA pol III b subunit of E. coli (Kong et al., 1992) . The DNA pol III b subunit was shown to form a homodimer with a pseudo-six-fold symmetry axis in which each monomer was composed of three repeated domains. Asymmetric charge distribution on the surface of the DNA pol III b subunit facilitates interaction between the monomers and is mediated by opposite-charged poles in a head-to-tail orientation. The diameter of a central cavity ring in which the double helix of DNA is placed is 3 . 5 nm. Such spatial arrangement around the double helix allows for free and smooth sliding movements along the DNA molecule, thus preserving the physiological activity of this protein. Although the calculated molecular weight of the DNA pol III b subunit (41 kDa) differs from that of PCNA and gp45 monomers (29 and 25 kDa, respectively), the observed molecular weight under native conditions is similar for all three proteins. The lower molecular weights of PCNA and phage T4 gp45 proteins is a result of a shorter amino acid chain. However, the comparison of secondary structures between the DNA pol III b subunit and those predicted for the gp45 protein, yeast and human PCNA suggested spatial congruencies between these proteins (Kong et al., 1992) . Taking into account the lack of significant similarities between the amino acid sequences of the proteins analysed, this was a surprising conclusion. The first detailed crystal structure of PCNA was revealed for the yeast protein (Krishna et al., 1994) , followed two years later by the structure of human PCNA in complex with a p21 fragment (Gulbis et al., 1996) . In 2001, a crystal structure of archaea PCNA was determined (Matsumiya et al., 2001) , and finally 21 years after the initial discovery, the Arabidopsis PCNA structure was presented (Strzalka et al., 2009) . Structural data obtained from the analysis of human, yeast, archaea and plant PCNA confirmed the similarity between PCNA and the E. coli DNA pol III b subunit, illustrating that PCNA also forms a pseudo-six-fold symmetry ring around DNA with an internal diameter of 3 . 4 nm. Additionally, one can distinguish two different, front (with protruding C-terminal end) and back, sides of the PCNA ring (Krishna et al., 1994; Gulbis et al., 1996; Matsumiya et al., 2001; Strzalka et al., 2009) . In contrast to the DNA pol III b ring with two subunits, the PCNA ring consists of three conjoined, identical monomers (Fig. 1) . PCNA is loaded onto DNA with the front side (C terminus) positioned towards the 3 ′ end of the elongating DNA strand. This ensures that DNA polymerases, which bind to the back side of PCNA, are orientated towards the growing end (Moldovan et al., 2007) . The inner surface of the PCNA ring, which is in close proximity to DNA, consists of a positively charged helical region, whereas the outer surface has a negatively charged b structure (Krishna et al., 1994; Gulbis et al., 1996; Matsumiya et al., 2001; Strzalka et al., 2009) . The recently reported first low-resolution crystal structure of yeast PCNA complexed with a DNA fragment shed more light on the nature of PCNA -DNA interactions (McNally et al., 2010) . Mutational analysis of yeast PCNA suggested that positively charged residues in the centre of the clamp create a binding surface that makes contact with DNA (McNally et al., 2010) . Note that although the DNA pol III b subunit is composed of three domains and the PCNA subunit possesses two globular domains, both of them form a ring structure with a total of six globular domains. The interaction between PCNA monomers is similar to that of DNA pol III b subunits and is characterized by a head-to-tail orientation. Each PCNA monomer is composed of an inter-domain connecting loop (IDCL) which makes significant contribution to the biological activity of PCNA. The IDCL serves to connect the N-and C-terminal domains of each monomer, although this is not its sole function. Studies on PCNA showed that IDCL is an important docking site for different interacting proteins such as DNA pol d, p21, DNA ligase 1 (DNA lig1), flap endonuclease (Fen1) and DNA-(cytosine-5) methyl transferase. Other important regions are located both in the N terminus where interaction between PCNA a-helices and cyclin-D was found, and in the C-terminal region, which is involved in the interaction with proteins such as DNA pol 1, replication factor C (RFC), cyclin-dependent kinase 2, and growth arrest and DNA damage 45 protein (Maga and Hubscher, 2003) .
In the amino acid sequence of PCNA several conserved motifs and residues were identified. The most important motifs are: (1) the D 41 residue responsible for stimulation of DNA pol d and efficient stimulation of RFC ATPase activity (Ayyagari et al., 1995; Fukuda et al., 1995) (Jonsson et al., 1998) .
FUNCTION OF PCNA IN DNA REPLICATION
The control of DNA replication is a key element in the proper functioning of a cell, and it may influence genome stability. Duplication of the genetic material that occurs in S phase of the cell cycle must be coordinated with other cellular processes, for example mitosis. DNA replication is regulated mainly at the initiation step as a result of cooperation between different signalling pathways controlling the cell cycle (Waga and Stillman, 1998) .
DNA synthesis and maturation of the Okazaki fragments DNA replication in plants (for a review see Bryant, 2010) , as in mammals, is initiated by phosphorylation of some replication initiation factors that form the origin recognition complex (ORC) at the origin of replication (ori). This phosphorylation occurs upon transition from the G1 to S phase of the cell cycle and leads to the activation of the ori by dissociation and degradation of the CDC6 protein. Next, other proteins, including the initiating DNA polymerase, are loaded stepwise onto the ori. Strand separation by a DNA helicase stimulated by the single-stranded DNA binding protein RPA (Ishibashi et al., 2006) is the last step of the pre-initiation stage (Fig. 2) . DNA synthesis is initiated at both the leading and the lagging strands by the DNA polymerase a/primase complex that synthesizes short RNA primers. These primers are then elongated by DNA pol a, an enzyme that has been extensively studied in plants (Bryant et al., 1992 (Bryant et al., , 2000 Benedetto et al., 1996; Garcia-Maya and Buck, 1998) . In the next step, the initiatory RNA -DNA primer is recognized by the RFC protein complex that binds to the 3 ′ end, thus leading to dissociation of the DNA pol a/ primase complex. RFC acts as a DNA-dependent ATPase, and plays a role in DNA replication by loading the trimeric PCNA protein on DNA at the end of the RNA -DNA primer synthesized by DNA pol a/primase. Biochemical analyses using a model system of the virus SV40 (Simian vacuolating virus 40) reconstituted from purified mammalian proteins revealed the involvement of other DNA polymerases in addition to DNA pol a, namely DNA pol d and DNA pol 1, in DNA synthesis (Burgers, 1998) . PCNA functions as a platform for DNA pol d/1 and other replication proteins that interact with PCNA. It is important to note that only the presence of PCNA at the replication fork (Fig. 2) enables the exchange of DNA pol a for the other polymerases continuing DNA synthesis. Binding of PCNA to the 3 ′ end of the primer prevents re-loading of DNA pol a and acts as a recruitment signal for replicases with higher processivity: DNA pol d/1 (Maga and Hubscher, 2003) . After loading polymerases on DNA, the DNA pol d/1 -PCNA complex moves along the template strand with DNA synthesis occurring concomitantly on the leading and lagging strand, in a continuous and discontinuous manner, respectively. On the leading strand, the primer is extended by DNA pol 1, whereas DNA pol d completes the synthesis of each Okazaki fragment on the lagging strand template (Burgers, 2009 ). The latter polymerase requires a processivity factor, PCNA. In plants, PCNA was identified (Suzuka et al., 1989) prior to the characterization of DNA polymerase d as a replicative enzyme in wheat, the activity of which was stimulated by PCNA (Richard et al., 1991) . Genes encoding subunits of DNA pol d were identified in the genomes of other plant species such as soybean (Collins et al., 1997) , rice (Uchiyama et al., 2002) and Arabidopsis (Shultz et al., 2007) . Not surprisingly, genes coding for DNA pol d and PCNA are both expressed in dividing cells (Garcia et al., 2006; Kosugi and Ohashi, 2002) .
The last stage of DNA replication is maturation of the Okazaki fragments, during which removal of the primers occurs followed by gap filling and ligation of the adjacent ends. The primer is displaced by the replicating polymerase (DNA pol d) and the single-stranded fragment consisting of the RNA -DNA primer is removed by the flap endonuclease Fen1, with or without the help of RNase H (Kao and Bambara, 2003; Shultz et al., 2007) . Finally, the Okazaki fragments of the lagging strand and the replicon-sized pieces of DNA of the leading strand are joined together by DNA lig1 (Taylor et al., 1998; Bray et al., 2008) . Both Fen1 and DNA lig1 cooperate with PCNA during DNA replication in mammals, but in plants the interaction with PCNA was only shown for Fen1 (Kimura et al., 2001) . The sequential binding of proteins involved in maturation of the Okazaki fragments ensures the directionality of this process. Of note, the localization of the PCNA ring on DNA is ideal for allowing this protein to function in stabilization, recruitment and dynamic exchange (due to differences in the affinities and the interaction constants) of various replication proteins, thus making PCNA a key coordinator of the replication process.
Translesion synthesis
During replication of eukaryotic DNA, synthesis across damaged templates is achieved by specialized DNA polymerases in a process called TLS (translesion synthesis). The list of TLS polymerases identified in mammalian, yeast and plant cells increased dramatically over the last decade, and now includes DNA pol h, i, k, z, Rev1 and Rev7 (Burgers et al., 2001; Prakash et al., 2005; Takahashi et al., 2005) . Synthesis of DNA from a damaged template enables completion of DNA replication by overcoming the stalled replication fork at the damage site (replicative polymerases are unable to replicate damaged DNA). In such a situation, DNA polymerases d/1 are temporarily replaced by TLS polymerases, which incorporate a correct or incorrect nucleotide (Fig. 3) . The initial recruitment of TLS polymerases to the replication fork occurs via their interaction with PCNA, as shown for yeast and human proteins (Haracska et al., 2001a (Haracska et al., , b, 2002 , and is stimulated by monoubiquitination of PCNA (see below; Soria and Gottifredi, 2010) . PCNA does not change the processivity or fidelity of TLS polymerases, but its presence stimulates their activity resulting in increased efficiency of nucleotide incorporation at sites opposite to the DNA damage (Prakash et al., 2005; Shcherbakova and Fijalkowska, 2006) . TLS polymerases act either alone or in pairs depending on the type of damage. These enzymes must be tightly controlled as, due to their permissive active site and lack of proofreading activity, they are prone to errors and thus can induce mutations. One of the proteins that can control TLS polymerases is p21, another interacting partner of PCNA with involvement in cell cycle control (see below). Finally, DNA synthesis must be resumed later by a replicative polymerase that first needs to be reloaded on DNA template. Although PCNA is likely to be involved in this second polymerase switch, an additional mechanism for removal of the TLS polymerase is required as well.
THE ROLE OF PCNA IN DNA REPAIR
During the life cycle of plants cells undergo a certain number of divisions. Due to the continuous exposure of plants to harmful factors (endogenous and environmental), the genetic material may be damaged in different ways. Accumulation of spontaneous or induced mutations over numerous cell divisions threatens to perturb the proper functioning of the organism. The biological effect of mutagenic agents depends on the type of DNA damage they cause, and may result in uncontrolled cell proliferation or cell death. DNA-damaging agents may be chemical or physical factors and there are a multitude of the two. Endogenous mutagenic factors mainly include reactive free radicals such as the hydroxyl radical, nitric oxide and superoxide anion, while environmental mutagenic factors include UVB, ionizing radiation and chemicals. Stable inheritance of undamaged genetic information by progeny required the development of different types of DNA repair systems such as base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR) and doublestrand break repair (DSBR). Knowledge of DNA repair systems in eukaryotes comes mainly from studies conducted on yeast and animals.
Besides the role of PCNA in DNA replication it also performs other important functions in some of the aforementioned DNA repair systems (Tuteja et al., 2001; Maga and Hubscher, 2003; Stoimenov and Helleday, 2009) . Unfortunately, the role of plant PCNA in DNA repair is poorly characterized and existing data demonstrating its importance during repair are indirect. The suspected role of plant PCNA during repair has been implied mainly from the identification and analysis of plant proteins whose yeast and animal homologues, involved in DNA repair systems, were shown to interact with PCNA. These homologous studies suggest that the key role of PCNA in DNA repair is exerted via its interaction, not only with DNA pol d/1 during DNA re-synthesis but also with other DNA repair proteins.
Base excision repair BER is responsible for replacing chemically altered nucleotide bases in DNA. The first step is the release of the damaged base from the DNA chain by DNA glycosylase, resulting in formation of an AP site. Next, AP endonuclease cleaves the phosphodiester bond of the damaged nucleotide and DNA re-synthesis is performed by a DNA pol d/1-(long-patch BER) or DNA pol b-(short-patch BER) dependent mechanism. In long-patch BER, Fen1 and DNA lig1 are required to complete the process, whereas the DNA pol b pathway involves DNA lig3 and XRCC1 ( Fig. 4 ; Sancar et al., 2004; Bray and West, 2005; Kimura and Sakaguchi, 2006) . The importance of PCNA in BER was documented by Matsumoto and colleagues who found that the PCNA-dependent DNA pol d/1-mediated repair pathway of abasic sites in Xenopus laevis (long-patch BER) was employed as an alternative mechanism to the DNA pol b-mediated pathway (short-patch BER; Matsumoto et al. 1994b Matsumoto et al. , 1999 . Next, yeast and mammalian enzymes involved in BER such as AP endonuclease 1 (Dianova et al., 2001) , AP endonuclease 2 (Tsuchimoto et al., 2001; Unk et al., 2002) , uracil-DNA glycosylase 2 (Krokan et al., 2001; Ko and Bennett, 2005) , 3-methyladenine-DNA glycosylase (Xia et al., 2005) , human homologue of E. coli endonuclease III (Oyama et al., 2004) and MutY homologue (Parker et al., 2001) were shown to interact with PCNA. This litany of interacting partners supports a role of PCNA not only in the DNA re-synthesis step, but also in other steps of BER. Additional, new evidence supporting the role of PCNA in short-patch BER was provided by experiments showing recruitment of XRCC1 protein by PCNA to replication foci and interaction of PCNA with DNA pol b (Kedar et al., 2002; Fan et al., 2004) . XRCC1 is believed to work as a scaffolding protein in both BER and single-strand break repair, as it interacts with several proteins participating in these related pathways (Fan et al., 2004) . The mechanism of BER in plants is not well analysed; however, some key enzymes taking part in this process have been discovered and characterized. The first, uracil-DNA glycosylase, was found in carrot cells (Talpaert-Borle and Liuzzi, 1982; Talpaert-Borle, 1987) . Next, the cDNA coding for 3-methyl glycosylase was isolated from Arabidopsis (Santerre and Britt, 1994) followed by isolation of other DNA glycosylases (Dany and Tissier, 2001; Gao and Murphy, 2001; García-Oritz et al., 2001; Murphy and Gao, 2001; Morales-Ruiz et al., 2003; Murphy and George, 2005) . In addition, sequencing of the rice genome revealed the presence of ten types of DNA glycosylases and three AP endonucleases . Moreover, other factors required for plant DNA re-synthesis such as DNA pol d (Uchiyama et al., 2002) , DNA pol 1 (Ronceret et al., 2005) , DNA lig1 (Wu et al., 2001) and Fen1 have been characterized. These findings suggest that the mechanisms of BER are similar in all eukaryotes. Therefore, although the interaction of plant PCNA with BER factors has not been reported so far, we may assume that such interactions exist in nature.
Nucleotide excision repair NER recognizes and repairs different types of DNA damage, including bulky DNA lesions. It is classified into two groups, global genome repair (GGR) and transcriptioncoupled repair (TCR). GGR works at any region of the genome whereas TCR is limited to actively transcribed sites. In contrast to the short-and long-patch BER, GGR-and TCR-NER require different proteins/mechanisms for DNA damage recognition. For damage recognition in the GGR pathway, UV-DDB and XPC/Rad23 complexes are required whereas in the TCR mechanism RNA polymerase II together with CSA and CSB proteins play a key role. After damage recognition, GGR and TCR use the same repair pathway by recruiting the TFIIH transcription factor (including XPB, XPD), XPA and RPA that are required for DNA unwinding. Next, XPF/ERCC1-and XPG-dependent excision of a DNA segment containing the damaged site occurs, followed by the PCNA-, RFC-, DNA pol d/1-and DNA lig1-dependent re-synthesis step ( Fig. 5 ; Sancar et al., 2004; Bray and West, 2005; Kimura and Sakaguchi, 2006) . The first information about the involvement of PCNA in NER came from studies of human cells that showed PCNA is one of the proteins required for efficient reconstitution of the NER system (Shivji et al., 1992; . The main role of PCNA in NER is during new DNA fragment re-synthesis, and is achieved through PCNA interaction with DNA pol d/1, RFC, DNA lig1 and Fen1: similar to its role in BER. However, the interaction between PCNA and XPG endonuclease suggests other additional roles for PCNA in NER (Gary et al., 1997) . Currently, it is known that PCNA is recruited specifically at the site of XPG incision. Additionally, immunofluorescence studies on wild-type and XPA mutant cells showed that after UV treatment, PCNA localization to the damaged sites in the nucleus is dependent on functional XPA protein. These findings clearly indicate that PCNA is important not only in the DNA re-synthesis step but also in other steps of NER (Aboussekhra and Wood, 1995; Li et al., 1996; Miura and Sasaki, 1996) . PCNA located on DNA seems first to coordinate the recruitment of proteins essential for proper DNA repair (XPG, XPA), followed by the action of replication fork enzymes completing the repair of the damaged site. In plant cells, NER-related genes were extensively studied in Arabidopsis, mainly by isolation of UV-sensitive mutants. Among isolated mutants, UVH1, UVH3 and UVH6 were found to carry mutations in the homologues of human XPF(AtRad1), XPG(AtRad2) and XPD(AtRad3) genes, respectively (Fidantsef et al., 2000; Gallego et al., 2000; Liu et al., 2000 Liu et al., , 2001 Liu et al., , 2003 . In addition, sequencing of the Arabidopsis thaliana genome resulted in identification of genes coding for proteins similar to the mammalian proteins involved in NER such as XPC, XPB1, XPB2, XPD, XPF, XPG, ERCC1, CEN2, CSA, CSB and Rad23 (Bray and West, 2005) . Surprisingly, a homologue of the XPA gene has not yet been found in plants.
Although this suggests that the mechanism of NER in plants and animals is not entirely the same, it does not exclude a role for plant PCNA in NER that is analogous to mammalian/yeast PCNA.
Mismatch repair
MMR corrects misincorporated bases using DNA methylation patterns as a marker of the template strand. The base mismatch can occur due to DNA polymerase errors or small insertions/deletions loops developed during replication; it may also arise during recombination. Recognition of the mismatched site is dependent on its type. In Arabidopsis, either MutSa (MSH2/MSH6 heterodimer) or MutSg (MSH2/MSH7 heterodimer) recognizes incorrectly matched bases and singlenucleotide additions, whereas MutSb (MSH2/MSH3 heterodimer) recognizes a region with redundant DNA loops (Culligan and Hays, 2000; Wu et al., 2003) . Although the next steps of MMR in plants have not been well characterized it is believed that they employ a mechanism similar to that observed in animals and yeasts. After DNA damage recognition, other components such as MutLa (MLH1/PMS2 heterodimer), EXO1, RPA, HMGB1 and DNA replication enzymes are required to repair the damaged site ( et al., 2007) . In MMR, PCNA works not only as a DNA pol d processivity factor but also in early events preceding DNA synthesis (Umar et al., 1996) . PCNA is involved in the mismatch recognition and DNA incision processes. During studies on yeast and mammalian proteins, PCNA was found to interact with MSH3 and MSH6, and to enhance their specific binding to mismatched sites Flores-Rozas et al., 2000; Kleczkowska et al., 2001; Lee and Alani, 2006) . Moreover, PCNA and MSH2-MSH6 were shown to form a stable ternary complex stimulating the preferential binding of MSH2-MSH6 to the mispaired DNA bases (Lau and Kolodner, 2003) . Next, other members of the MMR pathway, such as MutL homologue 1 (MLH1) and exonuclease 1 (EXO1; Lee and Alani, 2006) , were identified to interact with PCNA. Recent studies suggest that the recruitment of PCNA, RFC and EXO1 is necessary to activate the latent endonuclease activity of the MutLa complex (MLH1-PMS2; Kadyrov et al., 2006) . Isolation of plant MSH and MLH genes (MSH2, MSH3, MSH6, MSH7, MLH1) was reported first for Arabidopsis (Ade et al., 1999 (Ade et al., , 2001 Hays, 1997, 2000; Pelletier et al., 1999) . Moreover, Mus1 and Mus2 homologues of MutS were isolated from Zea mays (Horwath et al., 2002) . These findings suggest that the MMR mechanisms in mammalian/yeast and plants cells are similar, and thus that plant PCNA is likely to be involved in MMR in plant cells as well.
ROLE FOR PCNA IN CELL CYCLE CONTROL
Proper regulation of the cell cycle is a key element controlling cell division. Many proteins are involved in this process including cyclins and cyclin-dependent kinases that regulate accurate transition of the cell through subsequent phases of the cell cycle: G1, where cells grow in size, assess their metabolic status and prepare for division; S, where genome duplication occurs; G2, where cells check for completion of DNA replication and get ready to divide; and M, where mitosis takes place (Fig. 7) . PCNA interacts with several eukaryotic cell cycle proteins. Biochemical analyses of animal PCNA showed interaction of this protein with the cyclin A -Cdk2 complex. This suggests that PCNA acts as a link between Cdk2 and its substrates, for example RFC and DNA lig1, which are phosphorylated by the Cdk2 kinase (Koundrioukoff et al., 2000) . Under normal conditions progression of the cell cycle is undisturbed. However, DNA damage and cell ageing lead to production of the p21 protein, which blocks transition from G1 to S phase. p21 achieves this cell cycle arrest between G1 and S phase by inhibiting the activity of cyclin-dependent kinases (Sherr and Roberts, 1995) . The p21 protein has been identified in a complex formed by PCNA, cyclins and cyclindependent kinases (Xiong et al., 1992 (Xiong et al., , 1993 . Studies performed on terminally differentiated cardiomyocytes showed that cell cycle arrest was dependent on maintaining a high concentration of p21, which in turn reduced the level of PCNA (Engel et al., 2003) . Regulation of p21 expression is modulated by various factors such as p53 (el-Deiry et al., 1993) , MyoD (Guo et al., 1995) , STAT (Chin et al., 1996) and C/EBPa (Timchenko et al., 1996) . In vitro studies on the interaction between p21 and PCNA suggest that binding of p21 to the sliding clamp formed by DNA-associated PCNA may block its interaction with RFC and DNA pol d (Flores-Rozas et al., 1994; Waga et al., 1994) , thus stopping DNA synthesis. PCNA seems to act as an important mediator of p21 function, which raises the mechanistic question of how p21 is able to regulate both the cell cycle and DNA replication. A likely explanation of this phenomenon lies in the number of PCNA-interacting partners. Competition between p21 and DNA pol d for the same binding site within the PCNA trimer induces a particular cell response at the molecular level, for example stalling of the replication fork and cell division arrest (Maga and Hubscher, 2003) . As PCNA acts as a cofactor of DNA pol d for DNA synthesis during not only DNA replication but also DNA repair, its interaction with p21 might affect the latter process as well. However, published data are equivocal: some results indicate that p21-PCNA interaction inhibits NER and MMR (Pan et al., 1995; Umar et al., 1996) , whereas other groups did not observe any inhibitory effect of p21 binding to PCNA on PCNA-dependent NER (Li et al., 1994; Shivji et al., 1998) . More recent reports indicate another aspect of the p21 -PCNA interaction in DNA replication and TLS. p21 was shown to be degraded in a CRL4 CDT2 -(type E3 ligase) dependent manner in response to DNA damage caused by some genotoxic factors (e.g. UV radiation and methylmethane sulfonate), and the interaction of p21 with PCNA was a prerequisite for this proteolysis (for a review see Soria and Gottifredi, 2010) . PCNA-coupled degradation of p21 bound to the replication complex stalled at DNA lesions was proposed as a requirement for polymerase switch (DNA pol d DNA pol h), thus allowing for TLS. Next, CRL4
CDT2 -driven degradation of DNA pol h leads to reloading of DNA pol d by PCNA, restarting the replicative DNA synthesis (Soria and Gottifredi, 2010) .
A plant homologue of p21 protein has not been identified so far. Interestingly, plant PCNA proteins are able to interact with human p21 (Ball and Lane, 1996; Strzalka et al., 2009 Strzalka et al., , 2010 . As cell division is regulated by molecular machinery that has been evolutionary conserved from fungi to mammals (including plants), this interaction not only indicates high structural and functional similarity between animal and plant PCNAs, but may also suggest the existence of a protein similar and analogous in function to animal p21 that may be involved in regulation of the plant cell cycle (Boruc et al., 2010) .
POST-TRANSLATIONAL MODIFICATIONS
OF PCNA Post-translational modifications regulate proteome activity in the mediation of complex, hierarchical, regulatory processes that are crucial to eukaryotic cell function. Among the myriad of modifications capable of changing and regulating the function of a protein, ubiquitination and sumoylation were found to modify the functions of PCNA (Lee and Myung, 2008) . These modifications consist of a covalent attachment of ubiquitin (Ub) or SUMO (small ubiquitin-like modifier) peptides. The Ub modifier is most widely known for targeting its protein substrates for proteosomal degradation (Konstantinova et al., 2008) . For example, target proteins polyubiquitinated at Lys48 are recognized by specific receptors within the 26S proteasome or within adaptor proteins associated with the proteasome (Konstantinova et al., 2008) . In addition, mono-and polyubiquitination of protein targets using different Ub lysine residue linkages facilitate regulation of subcellular localization, chromatin structure, signal transduction, ribosomal protein synthesis and DNA damage repair (Ikeda and Dikic, 2008) . DNA damage that is not repaired prior to DNA replication in S phase blocks the progression of the DNA replication fork. Stalled DNA replication forks activate a specific DNA repair mechanism called postreplication repair (PRR). There are two PRR pathways known in eukaryotic cells: (1) TLS (described above) that simply bypasses DNA damage and (2) damage avoidance pathway that probably uses the replicated undamaged sister chromatid for template (Ulrich, 2007) . The second pathway is error-free, whereas the first pathway is error-prone as TLS polymerases may incorporate an incorrect nucleotide opposite the DNA lesion. These errors are later repaired by BER, NER or homologous recombination. Different PRR pathways are determined by different modifications of PCNA (Fig. 8) .
PCNA can be modified either by sumoylation or ubiquitination at the same Lys164 residue in response to the stalling DNA replication fork (Lee and Myung, 2008) ; in addition, the SUMO modifier can be attached to PCNA at the Lys127 residue (Bergink and Jentch, 2009 ). In yeasts and mammals, PCNA monoubiquitination promotes the recruitment of TLS polymerases that facilitate DNA damage bypass, whereas PCNA polyubiquitination is thought to promote the error-free damage avoidance through template switching, although the molecular mechanism is not clearly understood (Lee and Myung, 2008) . PCNA sumoylation has been reported only in yeast cells. Lys164-sumoylated PCNA recruits the Srs2 helicase to block the formation of Rad51-ssDNA filament to prevent inappropriate homologous recombination (Watts, 2006; Lee and Myung, 2008) . Sumoylation of PCNA on Lys127 inhibits interaction with certain PCNA-binding proteins, e.g. Eco1, which is responsible for establishing sisterchromatid cohesion in S phase (Bergink and Jentch, 2009) . Intriguingly, none of the above-mentioned post-translational modifications of PCNA has been reported so far for plants, although the ubiquitination and sumoylation processes, along with their factors, are well known (Miura and Hasegawa, 2010) .
PCNA GENES

Gene number and their function
Genomes of all eukaryotic organisms contain at least one copy of the PCNA gene. In animals, one copy of the PCNA gene was found in the rat genome (Matsumoto et al., 1987) , whereas one PCNA gene and several pseudogenes are present in mouse and human (Almendral et al., 1987; Ku et al., 1989; Travali et al., 1989; Yamaguchi et al., 1991) . Interestingly, the genomes of Drosophila and Toxoplasma contain two PCNA genes (Ruike et al., 2006; Guerini et al., 2000) . In plants, a single copy of the PCNA gene was found in genomes of Oryza sativa (rice), Catharanthus roseus (rose), Pinus nigra (black poplar), Pisum sativum, P. vulgaris, Brassica napus and Glycine max, whereas species such as A. thaliana, Z. mays, Daucus carota, Nicotiana tabacum and Phaseolus coccineus contain at least two PCNA genes. The presence of three functional PCNA genes was shown for archaeal genomes: Sulfolobus solfataricus and Aeropyrum pernix (Dionne et al., 2003; Imamura et al., 2007) . Despite low sequence similarities (,25 %), PCNAs from S. solfataricus and A. pernix showed some analogous features. In both species, PCNAs formed a heterotrimeric ring structure. However, in S. solfataricus, none of these proteins could itself form a homotrimer (trimer formation occurred only in the presence of three different PCNA proteins; Dionne et al., 2003) , whereas A. pernix PCNA2 was able to form a trimeric structure both by itself (a homotrimer) or with PCNA1 and PCNA3 proteins (a heterotrimer), while neither PCNA1 nor PCNA3 of A. pernix was able to form a homotrimer (Imamura et al., 2007) . Moreover, it was shown that archaeal PCNA monomers exhibited different substrate interaction specificities, indicating that each PCNA is responsible for attracting different replication-related proteins to the replication fork (Dionne et al., 2003; Imamura et al., 2007) . Drosophila melanogaster DmPCNA2 shows 51 . 7 % similarity to DmPCNA1 (Ruike et al., 2006) , which possesses features typical of all PCNAs (Henderson et al., 1994) . DmPCNA2 contains D 41 and motif III, but its motifs I and II are incomplete. Nevertheless, DmPCNA2 was capable of forming a homotrimer and stimulating DNA pol d activity. Differences in the expression pattern of DmPCNA1 and DmPCNA2 genes in response to UV treatment suggested that DmPCNA2 may function as an independent sliding clamp of DmPCNA1 during DNA repair (Ruike et al., 2006) . In another organism containing two PCNA genes, Toxoplasma gondii, both gene products also contain D 41 and motif III and are able to form homotrimers (Guerini et al., 2000) . However, only TgPCNA1 probably serves as the major replisomal PCNA, whereas TgPCNA2 probably exhibits a different function (Guerini et al., 2005) . In fact, no actual (specific) function could be shown for TgPCNA2, as disruption of this gene did not influence DNA polymerase activity, response to chemical mutagens or recombination frequency (Guerini et al., 2000) .
In most known cases of plants containing two PCNA genes, a high level of amino acid sequence identity was observed: A. thaliana, 96 . 6 %; N. tabacum, 97 . 0 %; Z. mays, 98 . 5 %. Lower identity was observed for D. carota, 63 . 0 %, but this is mainly due to the presence of an additional 100 amino-acid-long C-terminal tail in DcPCNA2, with the identity level between the first 264 amino acids of DcPCNA1 and DcPCNA2 being 87 . 6 %. Recent studies on Arabidopsis PCNA1 and PCNA2 revealed that both proteins showed ability to interact with Arabidopsis DNA polymerase h and human p21 (Anderson et al., 2008; Strzalka et al., 2009) . However, only AtPCNA2 was able to trigger restoration of normal UV resistance and mutation kinetics in a yeast rad30 mutant expressing the Arabidopsis POLH gene (yeast Rad30 and Arabidopsis POLH genes encode DNA polymerase h; Anderson et al., 2008) . In addition, AtPCNA1 and AtPCNA2 genes showed slightly different expression patterns in response to the exposure of Arabidopsis plants to heavy metal cadmium ions, which cause genotoxic effects (Liu et al., 2009) . These findings indicate that in eukaryotic cells the second PCNA protein may indeed exert functions different from those of PCNA1.
Intriguingly, proteins encoded by the PCNA1 and PCNA-like1 genes identified in the P. coccineus genome shared only 54 % of their amino acid sequence (Strzalka et al., 2010) . PcPCNA1 behaved like a typical PCNA protein: it formed a homotrimer and stimulated the activity of human DNA polymerase d. Additionally, PcPCNA1 interacted with a p21 peptide and was recognized by an anti-human PCNA monoclonal antibody. The second PCNA protein of runner bean, PcPCNA-like1, does not possess any of the motifs that are crucial for typical activity of PCNA and, consequently, none of the features of PcPCNA1 was observed in PcPCNA-like1. Interestingly, both the genetic organization of PcPCNA1 and PcPCNA-like1 genes and their expression patterns were similar. As the PcPCNA-like1 gene most likely encodes a functional protein, the PcPCNA-like1 protein must exert yet unknown functions, different from those of PcPCNA1. However, it cannot be excluded that PcPCNA-like1 requires PcPCNA1 for formation of the trimeric ring and/or for exerting its function. Alternatively, the PcPCNA-like1 gene may represent an expressed pseudogene.
Gene expression
Expression of the PCNA genes in all organisms is correlated with cell proliferation and thus with DNA synthesis during genome replication in S phase of the cell cycle. In plants, maize PCNA1 and PCNA2 genes were expressed in root and shoot tips as well as in young spikeletes and cobs but not in leaves, old spikeletes or pollen. Furthermore, it has been shown that the PCNA transcript was intensively produced in rice roots and root tips but not in mature leaves (Kimura et al., 2001) . Also, the data presented by Shimizu and Mori, who studied levels of PCNA transcripts in dormant auxiliary buds, confirmed the correlation between PCNA gene expression and cell proliferation. They demonstrated that before decapitation, the level of the transcript in dormant auxiliary buds was minuscule, whereas after decapitation, PCNA gene expression in rice was remarkably up-regulated, which correlated with bud growth and thus with cell proliferation (Shimizu and Mori, 1998a, b) .
A correlation between PCNA gene expression and cell proliferation was also observed in other plant species. It was found in runner bean that at the beginning of seed germination, PcPCNA1 transcripts were present at low levels, followed by up-regulation of the PcPCNA1 gene during the first stage of germination and then down-regulation during the late phase of germination (Strzalka et al., 2010) . By contrast, in root, stem and leaf tissues, the level of PcPCNA1 transcript was low, except in the micropylar region of seeds, where this gene was actively expressed. The observed increase in PcPCNA1 expression in the embryonic axis during seed germination and in the developing embryo from the micropylar region of developing seeds as well as the increase in ZmPCNA expression in root tips and young tissues clearly relates to intensive cell proliferation. As cell proliferation is accompanied by DNA replication, an increase in expression of plant PCNA genes is most likely due to the resumption of DNA replication. The observed decrease in the level of the PcPCNA1 transcript at later stages of germination when young seedlings are formed is most likely due to a shift of the ratio between dividing (meristematic) and non-dividing cells towards the latter. Low expression levels of the PcPCNA1 and ZmPCNA genes in mature plant organs confirm a correlation between PCNA expression and cell proliferation/DNA replication as these organs predominantly contain non-dividing cells. Direct proof that PCNA expression correlates with cell proliferation and DNA replication was provided by studies performed on synchronized plant cell culture that showed PCNA expression is mainly confined to S phase (Kodama et al., 1991) .
Regulatory elements of PCNA gene expression were studied in a few organisms such as rice and tobacco. Upstream sequences of the rice PCNA gene were shown to mediate expression of the PCNA -GUS chimeric gene in meristems of transgenic tobacco plants (Kosugi et al., 1991) . Moreover, two PCNA gene promoter elements essential for meristematictissue-specific expression were identified (Kosugi et al., 1995) . Continuation of this work resulted in the identification of two proteins, PCF1 and PCF2, which specifically bind to cis elements in the rice PCNA gene (Kosugi and Ohashi, 1997) . E2F-like sites of the rice and tobacco PCNA promoter were shown to be required for meristematic-tissue-specific expression of this gene in actively dividing cells (Kosugi and Ohashi, 2002) . Engagement of the E2F site of the tobacco PCNA gene promoter was presented by Hanley-Bowdoin's group who found that the E2F1 + 2 sites contribute to repression of the PCNA promoter in mature tissues, whereas the E2F1 site with transcription activators positively regulates PCNA gene expression in young leaves (Egelkrout et al., 2002) . Presence of the E2F binding sites in the promoter of the PCNA gene provides additional proof for correlation of PCNA gene expression with DNA replication, as these regulatory elements are found in promoter regions of other genes encoding proteins involved in DNA replication (Bryant, 2010) .
CONCLUSIONS
Although our knowledge of plant PCNA lags far behind that of animal and yeast PCNA, the picture emerging from the data gathered so far clearly indicates that eukaryotic PCNA has remained conserved in structure and function. Expression of the PCNA genes correlates with cell proliferation and DNA replication and, not surprisingly, the protein was shown to be involved in both processes. In addition, PCNA plays a key role in three DNA repair pathways, BER, NER and MMR, and exerts its function via direct interaction with various proteins involved in these processes. Besides DNA polymerases engaged in DNA synthesis during DNA replication and repair, these interactions also occur between factors required in the steps prior to DNA synthesis. Furthermore, the interaction of PCNA with other factors prevents inappropriate homologous recombination, allows for sister-chromatid cohesion and positively or negatively controls progression of the cell cycle. Moreover, in some processes involving DNA synthesis PCNA acts as a polymerase switch to ensure replication of damaged DNA. Many of the above-described functions of PCNA are regulated by post-translational modifications of PCNA and its interaction partners.
Why genomes of some eukaryotes, including plants, contain more than one PCNA gene is intriguing. Duplicated PCNA genes seem to have slightly different functions with one gene encoding the main PCNA protein showing all, or nearly all, the features characteristic of PCNA while a second gene is most likely involved in some aspects of the cell response to DNA-damaging factors. The exact function of the second PCNA gene in both animal and plant cells remains to be discovered. In a few cases, animal genomes contain PCNA pseudogenes, whereas the presence of PCNA pseudogenes in plant genomes has not yet been proven.
